races. Their differential series was later reduced to eight cultivars (Malakof, Lr1; Webster, Lr2a; Carina, Lr2b; Brevit, Lr2c and LrB; Loros, Lr2c; Mediterranean, Lr3a; Democrat, Lr3a; and Hussar, Lr11) (3, 4, 10, 12) . This set was further reduced to Malakof, Webster, Loros, Democrat, and Hussan, and virulence phenotypes of P. triticina, based on those five remaining genes, were classified into Unified Numeration (UN) races (8) . Currently, the identification of virulence phenotypes is based on infection types expressed on seedlings of Thatcher wheat lines that are near-isogenic for 12 different leaf rust resistance genes (8) .
Surveys on the physiological specialization of wheat pathogens have been used to estimate the relative prevalence and distribution of pathotypes, to monitor the spread of new virulence phenotypes and the loss of previously virulent phenotypes, and to identify which resistance genes are ineffective (7) (8) (9) 16) . Most wheat-producing countries undertake some kind of pathogen surveys to document physiological specialization. In North America, physiological specialization of P. triticina has been well documented through surveys in Canada (7), Mexico (17) , and the United States (9) . In the Great Plains (11, 13, 18, 20, 21) and in the Pacific Northwest (15) , the virulence frequency to leaf rust resistance genes has been monitored through periodic surveys in Minnesota, Nebraska, North Dakota, Oregon, Texas, and Washington. These surveys provide information needed in breeding for leaf rust resistance.
In the Great Plains, frequency of virulence to specific host genes often reflects the frequency prevalence of resistance genes used in commercial wheat cultivars. The selection pressure applied by the leaf rust resistance genes in commonly grown wheat cultivars plays an important role in determining shifts in virulence to these genes within the P. triticina population. Kolmer (5) reported that the virulence frequencies to Lr1, 2a, and 2c in the prairie provinces of Canada during 1956 to 1987 increased with the increased incorporation of these genes into commercial wheat cultivars grown in North Dakota. Kolmer (7) attributed an increase in the virulence frequency to Lr16 from 5.9% in 1996 to 16 .3% in 1997 to the production of several Canadian spring wheat cultivars having this gene. McVey and Long (14) speculated that the hard red winter wheat cultivar Arapahoe contains Lr16. In 1997 and 1998, this cultivar was grown on approximately 30% of the total wheat acreage in Nebraska. This gene continues to be used as a major source of leaf rust resistance in the Nebraska breeding program and is most likely carried by, in addition to Arapahoe, the cultivars Brule, Redland, Vista (14) , and Millennium.
Shifts in the physiological specialization of P. triticina were detected in wheat leaf rust virulence surveys conducted in Nebraska since 1992. In 1992 and 1993, TFHvirulence phenotype group comprised the highest percentage of the total number of P. triticina isolates identified (20) . Virulence phenotype groups MBR, MDR, and TDR predominated in 1995, with TFH comprising less than 1% of the isolates (20) . The 1996 virulence survey found virulence phenotype groups MBR, MDR, TBR, and TBT comprised approximately 55% of the isolates identified. Not only did these surveys detect shifts in the prevalence of certain virulence phenotypes, but they also detected changes in the total number of virulence phenotypes in each of the survey years. Thirty-seven virulence phenotypes were identified in 1992, compared with 46, 20, and 18 in 1993, 1995, and 1996 , respectively (20, 21) . This indicates that the regional virulence phenotype and virulence frequency patterns in the central Great Plains constantly shift.
Objectives of the annual P. triticina virulence survey in Nebraska were to characterize the virulence of P. triticina populations in Nebraska in 1997 and 1998 and to compare these results with those of previous Nebraska surveys.
MATERIALS AND METHODS
Uredinial collections of P. triticina were made during June of 1997 and 1998 from farm fields and wheat nurseries. Surveys were conducted in the four major wheatgrowing regions of Nebraska (Fig. 1) . The four regions differ in environmental characteristics, planting time, and to a lesser extent, in the cultivars grown. Elevation ranges from approximately 250 m in the east to 1,800 m in the Panhandle, and average annual precipitation varies from 76 cm in the east to 38 cm in the Panhandle. Winter wheat is generally planted 1 to 15 September in the Nebraska Panhandle, 15 to 25 September in the west central, 15 September to 1 October in the central, and 20 September to 1 November in the east. Winter wheat in the east is often planted in October into soybean residue. In 1997 and 1998, the hard red winter wheat cultivars Alliance, Arapahoe, Buckskin, Centura, Karl/Karl 92, Niobrara, and Vista comprised approximately 70% of the Nebraska winter wheat acreage.
Due to dry conditions in 1997, leaf rust was not found in the Nebraska Panhandle. Collections of leaf rust were made approximately every 20 to 40 km or at the first field thereafter along a predetermined route from east to west through selected wheat-growing regions. The total number of samples collected varied in each region.
A sample collection consisted of leaves bearing uredinia from each of five to 10 plants per field. Fields were sampled by haphazardly selecting plants at approximately 10-m intervals. Uredinia-bearing leaves were placed in glycine bags and stored in a cooler on ice until transported to the laboratory in the Department of Plant Pathology, University of NebraskaLincoln. In the laboratory, they were transferred to plastic bags and stored at 3°C for 1 to 8 weeks. Urediniospores from each sample collection were then increased on 7-to 8-day-old Thatcher (CI 10003). Inoculated plants were set in a darkened dew chamber at 98% relative humidity at 22°C for 18 to 24 h. The plants were then placed in a greenhouse where daily temperature varied between 20 and 25°C. Natural daylight in the greenhouse was supplemented with 400-W metal halide lights providing a 14-h photoperiod.
Ten to 12 days after inoculation, a cyclone spore collector was used to collect urediniospores separately from one or two uredinia per collection into a size 00 gelatin capsule. Each single-uredinial isolate was immediately increased through one uredinial generation by inoculating onto leaves of Thatcher. During this increase procedure, the inoculated plants were isolated from each other in the greenhouse to prevent mixing isolates. After 10 to 12 days, urediniospores from each isolate increase were collected with the cyclone spore collector into size 00 gelatin capsules and dried in a desiccator for 24 h. Each gelatin capsule was placed in a freezer vial and stored in a -80°C freezer until inoculation onto the differential host set containing different leaf rust resistance genes.
Two single-uredinial isolates per sample collection in 1997 and one single-uredinial isolate per sample collection in 1998 were evaluated for virulence phenotype. Prior to inoculation of the near-isogenic differential set and supplemental lines, the urediniospore-containing gelatin capsules were removed from the -80°C freezer and warmed at 40°C for 2 h. Soltrol light industrial oil (400 µl) was added to 4 mg of urediniospores from each isolate. The urediniospore-oil suspension was atomized onto the primary leaves of 7-day-old seedlings of a differential host set (Lr1, 2a, 2c, 3, 3ka, 9, 11, 16, 17, 24, 26 , and 30) consisting of 12 near-isogenic lines of Thatcher, each with a different resistance gene (8) . Supplemental near-isogenic host lines containing resistance genes Lr10, 18, 21, or 23 were also inoculated at the same time as the differential set. Each virulence phenotype data set consisted of 10 to 12 plants of each of the 16 near-isogenic lines. As previously described, inoculated plants were set in a darkened dew chamber for 18 to 24 h and then transferred to the greenhouse.
After 11 to 13 days, infection types on 10 to 12 leaves of each near-isogenic line were recorded as either low (;, 1, or 2) or high (3 or 4). Each single-uredinial isolate was assigned a three-letter virulence phenotype code (Pt code) based on high or low infection type on the 12 differentials, according to the Pt nomenclature established by the North American Leaf Rust Workers Committee in 1986 (8) . Avirulence or virulence on Lr10, 18, 21, and 23 was indicated by adding a fourth letter to the Pt virulence code. Assessment of virulence phenotype was repeated for 10% of the single-uredinial isolates as a check on accuracy of reading the differential and supplemental lines for infection type.
To evaluate the trends of the virulence frequencies by year (1995, 1996, 1997, 1998 ) and over geographic region for 1997 and 1998, each of the near-isogenic lines was analyzed using weighted regression where the response variable was the presence or absence of virulence (19) . Since weighted regression is adversely affected by a large number of cells with small counts, near-isogenic lines were not statistically analyzed if more than 25% of the cells had small counts. For the lines that were analyzed, a small value (0.5) was added to all cells to avoid computation problems due to small cell counts (1).
RESULTS AND DISCUSSION
Occurrence. (Table 2) . Virulence phenotypes are arranged in Tables 1  and 2 by Pt code (8) , and results are presented as numbers and percentages of isolates from each Nebraska wheat-producing region. The M-virulence phenotype groups (virulent on Lr1 and 3) comprised 63% of the isolates characterized in 1997 ( Table  1) . The most common virulence phenotype, MDRR, comprised 51% of total isolates characterized that year. This represented an increase in the prevalence of the MDR-phenotype from that found in the In the 1997 Nebraska survey, 14% of the isolates were categorized as virulence phenotype PDRR, and as a whole the Pvirulence phenotype group comprised 19% of the total Nebraska isolates (Table 1) . Our results for P-virulence phenotype groups in 1997 differed somewhat from those of Kolmer (7) and Long (personal communication). Long found 1% of the U.S. isolates collected in the central Great Plains to have a P-virulence phenotype, but 33% of the isolates from Missouri were characterized as virulence phenotype PLMQ. In Ontario, virulence phenotype PBLQ comprised 29.3% of the 1997 isolates, but no P-phenotypes were found in Manitoba and Saskatchewan (7) .
New virulence phenotypes were identified in 1998 in the Nebraska leaf rust population that were not identified in 1997. In 1997, fewer field isolates were collected than in 1998, which, in part, could account for fewer virulence phenotypes identified in 1997 than were identified in 1998. Consistent with 1997, MDR-was the most common virulence phenotype group in Nebraska in 1998 ( 11 , and 30 to be increasing, and in 1997 reported virulence frequencies of 64, 72, and 64%, respectively, to Lr3ka, 11, and 30. These are lower than the virulence frequencies found in the Nebraska surveys (Table 3 ) but still show that the level of virulence to these three genes is relatively common throughout the United States and has reached a high level.
High frequencies of virulence in 1997 and 1998 to Lr1, 3, 3ka, 10, 11, 23, 24 , and 30 were common across the four Nebraska wheat growing regions (Table 4) . When averaged over geographic regions, low to moderate virulence frequencies in 1997 and 1998 were found for Lr2a, 2c, 17, and 26.
In 1997, 33% of the central Nebraska isolates were virulent to Lr2a, whereas only 9% of the west central isolates showed virulence to this gene. In 1998, virulence to Lr2a was highest at 12% in the eastern isolates and lowest in the Panhandle, central, and west central isolates at 0, 4, and 9%, respectively. In 1997, virulence frequency to Lr2c ranged from 28% in the west central to 41% in the east, and in 1998, it ranged from 34% in the east to 6% in the Panhandle. Approximately 32% of the isolates from the west central in 1998 were in virulence phenotype groups P-or T-, both of which show virulence to Lr2c. When virulence frequency was tested for the effects of years, geographical region, and year-by-region interaction, only Lr2a and 17 had a significant year effect. None of the genes analyzed in Table  4 showed a significant region effect. This differs from that reported by Kolmer (7) and Long (9) , who found that frequencies of virulence differed among collections from the various agroecological areas in Canada and the United States.
Our surveys showed that all isolates were virulent to Lr18 in 1997, but in 1998, virulence ranged from 64% in the east to 34% in the Panhandle. Avirulent pathotypes to Lr18 may appear virulent based on seedling tests at greenhouse temperatures that approach 25°C (12) . Our tests were conducted at greenhouse temperatures of 20 to 25°C, which may account for the pathogenic variation in years by geographical region with Lr18. Survey results published by Long et al. (9) indicated <1% virulence to Lr18 in the central Great Plains from 1993 to 1995, whereas the Nebraska survey results for 1995 indicate 100% virulence to this gene. Although virulence frequencies for other Lr genes agree quite well for the Nebraska surveys (20, 21) and the surveys by Long et al. (9) , the data for Lr18 do not agree. This discrepancy probably results from difficulty in reading disease reactions on the Lr18 line due to breakdown of Lr18 resistance at high temperatures in the Nebraska tests.
Virulence frequency to Lr17 in the Nebraska collection has varied since 1995 x Number and percent isolates from indicated area. y Pt code or virulence phenotype is based on high/low infection type on 16 near-isogenic lines of Thatcher wheat each with a different gene for leaf rust resistance. The 12 differentials (Lr1, 2a, 2c , 3, 3ka, 9, 11, 16, 17, 24, 26, and 30) in the Pt nomenclature were used along with near-isogenic lines Lr10, 18, 21, and 23. z Lr genes on which the isolate is virulent.
( Table 3 ). It increased from 8% in 1997 to 19% in 1998. Across the four Nebraska wheat-growing regions, virulence frequency to Lr17 ranged in 1997 from a low of 5% in the east to a high of 13% in the west central, and in 1998 it ranged from a low of 11% in the Panhandle to a high of 32% in the east (Table 4 ). Virulence to Lr17 was found in four phenotypes in 1997 and in 20 in 1998 (Tables 1 and 2) .
Virulence frequency to Lr24 was above 85% across Nebraska in 1997 and 1998 (Table 4 ). Virulence to Lr26 decreased from 1997 to 1998 in all regions. Virulence frequency was less than 21% in 1997 and less than 10% in 1998 (Table 4) . No virulence was found to Lr21. McIntosh et al. (12) state that virulence to Lr21 has not been found in North America; however, Watkins et al. (20) and Statler et al. (18) found virulence to Lr21 in surveys in Nebraska from 1992 to 1993 and in North Dakota from 1982 to 1984, respectively. A low infection type (2+) with this gene is hard to decipher, so it is possible that avirulent responses could occasionally be interpreted as virulent based on seedling reaction (12) .
As noted in Canada with Lr9 in 1997 (7), none of the Nebraska isolates were virulent on Lr9 (Tables 3 and 4) . D. Long (personal communication) found a low (5%) virulence frequency to Lr9 in 1997.
Virulence to Lr16 was not found in the Nebraska collections in 1997 or 1998. This was consistent with earlier comprehensive surveys (9) in which less than 2% of the U.S. leaf rust population from 1993 to 1995 showed virulence to Lr16. In Canada, virulence to Lr16 increased from 6% in 1996 to 16% in 1997 in Manitoba and Saskatchewan (7) . This gene provides an intermediate level of protection, as demonstrated by the low infection types ranging from 1 to 3C (12) . Although McIntosh et al. (12) indicate that the low infection types for Lr16 range from 1 to 3C, we consider a 3C as a high infection type in our ratings. The hard red winter wheat cultivars Arapahoe, Redland, and Vista, which contain Lr16 along with at least one other leaf rust resistance gene (14) , comprised 30 to 36% of the Nebraska wheat acreage in 1997 and 1998. Although Lr16 continues to provide good resistance to the North American leaf rust population, severities on cultivars with Lr16 may increase in future years if these cultivars become commonly grown in the Great Plains.
When virulence frequency was regressed over years (Table 3) , there were significant linear trends over years in virulence frequencies for Lr2a, 2c, 17, 18, and 24 (Table 3) . Virulence frequency to Lr2a and 2c increased from 1995 to 1996 and then decreased from 1996 to 1998. Overall, the virulence frequency to Lr2a, 2c, and 18 showed a significant decreasing linear trend over years with a significant deviation around the linear trend due to variation from year to year (Table 3) . Virulence frequency to Lr3ka did not show a significant linear trend but had highly significant (P < 0.01) variation in virulence frequency from year to year (Table 3 ). Virulence to Lr17 and 24 showed a significant increasing linear trend over years, but the most dramatic change in virulence frequency occurred with Lr24, which increased 15.4% per year (P < 0.05) on average. The year-to-year variation around the linear trend for Lr24 was also significant. The virulence frequency to Lr26 did not show a significant linear trend over years but was y Represents the percentage of leaf rust isolates collected from that year. z b = regression slope over years, ns = not significant. * = significant (P < 0.05) linear trend, ^ = significant (P < 0.05) residual trend, and -= not statistically analyzed since more than 25% of cells had counts less than 5 (1 x Represents the percentage of leaf rust isolates collected from that specific region. y Leaf rust was not detected in the Nebraska Panhandle in 1997. z z = significant year effects (P < 0.05) and -= not statistically analyzed since more than 25% of the cells had counts less than 5 (19).
significant in its variation from year to year. The Nebraska wheat leaf rust survey characterized virulence phenotypes in 1998 that were not present in 1997. It showed that during these years, the Nebraska leaf rust population had a wide range of virulence to the 16 near-isogenic differential host lines and that virulence to certain Lr host lines differed among the collections from the four Nebraska wheat-growing regions. There have been major shifts in virulence phenotypes and in virulence frequencies since the initial 1992 (20) Nebraska leaf rust survey. These shifts in virulence in the Nebraska leaf rust population probably reflect the increased or decreased use of certain Lr genes such as Lr24 and 26 in winter wheat cultivars grown in the southern and central Great Plains.
